Gold nanorods of different aspect ratios had been synthesized using seed mediated growth method. The formed gold nanorods had been characterized by the absorption and transmission electron microscopy (TEM) measurements. The obtained gold nanorods were used to study the quenched effect on fluorescence of Eosin Y. Experimental results revealed that Eosin Y molecules adsorbed on the metallic surfaces, suffering strong quenching of their fluorescence and the quenching efficiency was different for different aspect ratio. Using dielectric coated gold nanorods model, the probable mechanism of aspect ratio dependent quenching efficiency was obtained by numerical calculation based on fluorescence resonance energy transfer and quasi-static theory. The calculation results showed that the non-monotonic changing of fluorescence quenching was attributed to competing effects of aspect ratio and the dielectric constant of coated shell on surface plasmon resonance.
INTRODUCTION
The fluorescence quenching of organic dyes by noble metal nanoparticles (NMNPs) has recently gained considerable interest in the field of nanoscale optics [1] [2] [3] [4] and various detecting applications. [5] [6] [7] The fluorescence resonance energy transfer theory has been explored to explain the quenching process in NMNPs-Dye system. Based on the comparison of the experimental findings with theoretical results obtained from static model proposed by Gersten and Nitzan (GN), 8 Dulkeith et al. 1 found that the fluorescence quenching was caused by the combination of an increased non-radiative rate and a drastic decrease in the dye's radiative rate. However, the increase both in non-radiative and radiative rates would also result in the quenching of the luminescence. 9 Except the distance between NMNPs and dye, the optical absorption and scattering properties of NMNPs could affect the fluorescence emission of NMNPs-Dye system. 10 As we all know, the optical properties of NMNPs were controlled by their size, shape, composition and dielectric surrounding. 11 12 Thus, the shape of NMNPs would play an important role on the fluorescence emission of fluorophores. Horimoto et al. 13 * Author to whom correspondence should be addressed.
found that enhancement or reduction of fluorescence was strongly dependent on the shape of the particle. For gold nanorods with high aspect ratios, the fluorescence of the dye was quenched. Zhu et al. 14 reported that an extra dielectric shell would enhance the monochromaticity of fluorescence quenching, comparing to the pure gold nanospheres. Also, the aspect ratio and volume can control their quenching efficiency by shape dependent absorption in gold nanodisk. 15 Gold nanorods, since their first preparing by seeding growth method, 16 17 have been widely used in biomedical applications such as biosensing, bioimaging, and photothermal therapy. [18] [19] [20] The aspect ratio dependent tunable localized surface plasmon resonance had enabled gold nanorods a good option in fluorescence enhancement or quenching system. 6 When the longitudinal plasmon wavelength of the gold nanorods nearly equates to the excitation laser wavelength, the maximum fluorescence enhancement is observed in a silica shell around an individual gold nanorod. And this plasmon-enhanced fluorescence is strong dependent on the polarization of the excitation laser. 21 Also, when absorption and emission of a dye was very close to the surface plasmon resonance of the nanorods, the fluorescence enhancements would be up to one thousand fold. 22 Gold nanospheroid, 23 Lu et al. employed an individual gold nanorod as an optical antenna to control single-molecule fluorescence spontaneous emission, they showed that the position and dipole orientation had an important influence on the quantum efficiency, spectral shape, and the polarization dependence of plasmon-enhanced fluorescence in the case of the gold nanorod. 24 Comparison to gold nanorods with same aspect ratio, a smaller gold nanorod would show quenching effect when the molecule was in the vicinity of the waist. 25 Eosin Y (EY), a fluorescein derivate containing bromine atoms, has traditional applications in histology, printing and leather, and fluorescent pigment. 26 In this paper, we exam how gold nanorods affect the fluorescence of Eosin Y. The dye is attached to gold nanorods with aspect ratio varied from 1.8 to 5 via physical absorption. Fluorescence spectroscopy reveals a non-monotonic changing of quenching effect when dye binds to gold nanorods. Using the fluorescence resonance energy transfer and quasi-static theory, we discuss the mechanisms of aspect ratio dependent quenching efficiency in dielectric coated gold nanostructures.
EXPERIMENTAL DETAILS
The following chemicals were purchased and used as received. Eosin Y and cetyltrimethylammonium bromide (CTAB) were purchased from Sigma. Hydrogen tetrachloroaurate trihydrate (HAuCl 4 · 3H 2 O) was purchased from Shanghai Chemical Reagent Co. Ltd. (China). L-Ascorbic acid, silver nitrate (AgNO 3 , and sodium borohydride (NaBH 4 were obtained from Xi'an Hairmer Co. Ltd. (China). Ultrapure water with an electric resistivity 18.2 M/cm was used in all experiments.
The optical absorption spectra were recorded with a UV-3600 spectrophotometer (Shimadzu, Japan), while the fluorescence spectra were conducted on a FluoroMax-4 spectrofluorimeter (HORIBA Jobin Yvon, France) with right angle geometry using a 1 cm × 3 5 cm cuvette. The TEM images were measured with a JEM-200CX transmission electron microscope (JEOL, Japan) using an acceleration voltage of 120 kV.
Gold nanorods with different aspect ratios were synthesized using a scaled-up version of the seed mediated growth method. 17 The seed solution was prepared as follows: 2.5 mL of an aqueous solution containing 0.001 M HAuCl 4 was mixed with 0.2 M 7.5 mL CTAB solution, and then 60 L 0.1 M NaBH 4 was added to the mixture. The seed solution was string for 2 min and its color turned to brownish yellow. To prepare the growth solution, 50 mL CTAB (0.2 M) was added to 50 mL of 0.001 M HAuCl 4 solution. To this mixture, different volumes (varied from 0.5 to 4.5 mL) of 0.004 M AgNO 3 were added and then 0.7 mL of 0.0778 M ascorbic acid was added. The solution was gently swirling for 15 s until it became colorless. Finally, 0.12 mL of seed solution was injected into the growth solution and the mixture was maintained at 27 C for the duration of the reaction.
The obtained gold nanorods were separated from excess surfactants by centrifugation at 10000 rpm for 10 min, and redispersing in deionized water. The molar extinction coefficients used for calculating the concentrations of different gold nanorods were obtained from Refs. [27, 28] .
The samples were prepared by mixing 1.5 mL of an aqueous solution of Eosin Y (4 × 10 −5 M) with 1.0 mL of gold nanorods. After mixing for 10 min, the fluorescence spectra were recorded.
RESULTS AND DISCUSSION
The most popular method for preparing gold nanorods was seed-mediated growth method 20 which was proposed and improved by Murphy et al. 16 and El-Sayed et al. 17 However, there was a lot of experimental evidence that every ingredient/parameter in the synthesis procedure can influence the rod formation and control their dimensions. 29 In this study, we control the aspect ratio of synthetic gold nanorods by adjusting the concentration of added AgNO 3 . When the concentrations of other chemicals and the amount of gold seeds were fixed, in general, the increase in the AgNO 3 amount led to the expansion of the NR aspect ratio. The optical absorption spectra of gold nanorods prepared by adding varied AgNO 3 volume are shown in Figure 1(a) . Typically, the absorption spectra show two absorption peaks: the transverse local surface plasmon resonance (LSPR) peak around 520 nm, the longitudinal LSPR peak located at 600-900 nm. 30 An obvious red-shift of the longitudinal LSPR was observed with increasing the volume of AgNO 3 up to 4.5 mL. The maximum longitudinal LSPR of prepared gold nanorods was almost up to 900 nm. In previous reports, 17 31 it's difficult to synthesize gold nanorods with the longitudinal LSPR peak over 850 nm by only controlling the concentration of AgNO 3 . Furthermore, AgNO 3 in high concentration would bring negative effect on the formation of gold nanorods with big aspect ratio. The exception of the longitudinal LSPR peak over 850 nm is probably due to scaled-up effect. Figures 1(b) and (c) show the TEM micrographs of gold nanorods with the longitudinal LSPR peak at 795 nm and 892 nm, respectively. The gold nanorods are quite uniform in shape and size. However, a very small fraction of spherical nanoparticles does exist in the as-synthesized gold nanorods that were not able to be separated from the dispersions by centrifugation. It is well-known that, the longitudinal LSPR peak position of gold nanorods has a relationship with their aspect ratio. 32 33 In the present study, we obtained the aspect ratio of the as-synthesized gold nanorods by the equation from El-Sayed group.
11 Figure 2 shows the fluorescence spectra of Eosin Y in the absence and presence of gold nanorods. When excited by light at 350 nm, pure Eosin Y (Fig. 2(a) , black line) has an intense fluorescent peak centered at 543 nm, which is similar to the results reported previously. 34 35 Upon incubation with gold nanorods with different aspect ratio, the fluorescent of Eosin Y was quenched by varied extents. Ploting the fluorescent intensity of Eosin Y in the presence of gold nanorods vs their aspect ratio, non-monotonic fluorescence quenching is observed as shown in Figure 2(b) . For a fixed concentration of gold nanorods, the fluorescence intensity of Eosin Y reduced firstly and increased afterward with the increase of the aspect ratio. This indicated that aspect ratio had an important influence on quenching effect of gold nanorods. However, experimental and theoretical results 1 2 6 had revealed that the distance between the dye molecule and metallic nanoparticles was the principle reason for the quenched fluorescence. In the present system, Eosin Y was negative when dissolved in water, while gold nanorods were positive due to stabling by CTAB. Electrostatic effect made Eosin Y absorbed on the surface of gold nanorods. Thus, for gold nanorods with different aspect ratio, the distance between the dye and nanorods can be negligible. We mainly focused on the aspect ratio dependent quenching effect of gold nanorods on Eosin Y.
To elucidate aspect ratio dependent non-monotonic fluorescence quenching effect of gold nanorods, we fabricate an ellipsoidal core-shell dielectric-gold nanostructure to replace the dye-nanorods complex. The geometry of ellipsoidal nanoshell structure is shown in Figure 3 . The red core is representing gold nanorod, which has semi-major axis c 1 and semi-minor axis a 1 and b 1 shell is the absorbed layer composed by dye and CTAB. It also has semi-major axis c 2 and semi-minor axis a 2 and b 2 . In addition, 1 , 2 , and 3 are the dielectric constants of gold nanorods, the absorbed layer, and the surrounding environment medium respectively. 1 is frequencydependent complex dielectric constant and can be obtained according to the Drude model. 15 36 37 Many reports had revealed that fluorescence quenching was attributed to the resonance energy transfer from donor to acceptor, especially in the system of dye and metal nanoparticles. 1 6 14 To obtain the quantitative information about the quenching fluorescence, we calculated the quantum efficiency of the proposed ellipsoidal coreshell dielectric-gold nanostructure. According to the equations from Carminati et al. 38 the quantum efficiency at x-direction can be written as follow:
where R rad is the intrinsic decay rate and R nonrad is the non-radiative decay rate in the presence of gold nanorods. is the polarizability along the principal axes of ellipsoidal nanoshell and can obtained from Refs. [15, 37] .
/ is the wave number of the light. The term z denotes the distance between the dye and the center of gold nanorods.
Our calculations concern the dependence of the quantum efficiency on the aspect ratio of gold nanorod with the fixed separation distance between dye and the center of gold nanorod. In this calculation, the gold nanorod has the semi-minor axis a 1 = b 1 = 5 nm and its aspect ratio varies from 1.5 to 5. The thickness of the dye and CTAB layer is fixed at 2 nm. The surrounding medium of the system is considered to be water (with dielectric constant 3 = 1 7). Figure 4 shows the quantum efficiency as functions of aspect ratio of gold nanorods with different light excited ((a) = 543 nm, (b) = 400-1000 nm). When excited by light at 543 nm, the quantum efficiency decreased firstly and increased afterward with the aspect ratio increasing, as shown in Figure 4 (a). The quantum efficiency reached a minimum with aspect ratio at about 3.3. These calculated results are in agreement with our experimental result shown in Figure 2(b) . In the range of 400-1000 nm excited light, the trend of the quantum efficiency with the increase of aspect ratio was opposite. In the long wavelength coverage, the quantum efficiency increased along with the aspect ratio. However, the quantum efficiency decreased as the aspect ratio increasing in the short wavelength range. And the quantum efficiency in the short wavelength range was higher than that in the long wavelength coverage.
As indicated in previous reports, 14 15 the SPR absorption had an important influence on the quantum efficiency of dye-metal nanoparticles system. We firstly study the effect of aspect ratio on the absorption of ellipsoidal core-shell gold nanostructure. Figure 5(a) shows that the longitudinal LSPR peak shifted to red as the aspect ratio increased, which was the same as the result of Link et al. 32 Also, the absorbance intensity of the longitudinal and transverse LSPR peaks were increased as the aspect ratio enhanced. This simulation is consistent with the simulations made by other authors. 32 to enhance the relative intensity of ellipsoidal core-shell gold nanostructure and then reduced the quantum efficiency. In the experimental part, as the aspect ratio of gold nanorods increased, the surface area of gold nanrods increased. Thus, the packing density of Eosin Y absorbed on gold nanorods was low due to the fixed concentration of Eosin Y. Furthermore, we thought that the decreased packing density would induce the reduction of the dielectric constant ( 2 of the dye-CTAB layer. So, the effect of 2 on the absorbance was investigated. The simulated result was shown in Figure 5 (b). Decreasing the 2 , the absorbance intensity reduced, in other word, the decreasing of the 2 would lead to the reduction of the quantum efficiency. Above all, the increasing aspect ratio leaded pros Figure 6 . The SPR intensity at 543 nm versus aspect ratio and 2 .
and cons effect on the absorbance intensity: (1) increasing aspect ratio resulted in the enhancement of absorbance intensity; (2) decreasing the 2 induced the reduction of absorbance intensity. The competitive effects of aspect ratio and the 2 on the absorbance intensity of the dielectric coated gold nanorods are shown in Figure 6 . As we can see, the intensity located at 543 nm increased firstly and then decreased, as the aspect ratio increasing and the 2 decreasing. Therefore, the competitive effects resulted from aspect ratio and the
CONCLUSION
In conclusion, we have shown that hybrid systems of Eosin Y molecules attached to gold nanorods by electrostatic effect show reduced fluorescence in the aspect ratio range between 1.8 and 5. The reduced fluorescence increases firstly and then decreases as the aspect ratio increased. The theoretical model based on non-radiative energy transfer theory predicts the quantum efficiency correctly with the experimental results. The calculated results based on quasi-static theory show that the SPR-induced non-monotonic changing of the quantum efficiency is the results of competition between the aspect ratio and 2 .
